Probe-typed carbon nanotube ͑CNT͒ point emitter was fabricated by attaching single-walled CNT ͑SWCNT͒ and double-walled CNT ͑DWCNT͒ bundles onto the atomic force microscope tip using dielectrophoresis method. The field emission current from SWCNT point emitter was 4.9 A at 750 V, which is corresponding to the emission current density of at least 1.2ϫ 10 3 A/cm 2 . The Fowler-Nordheim plots for the SWCNT and DWCNT point emitters revealed that the SWCNT bundle consists of more individual SWCNTs than DWCNT bundle and, as a result, the field emission performance of the SWCNT point emitter is better than the DWCNT point emitter. It is suggested that the probe-typed CNT point emitters can be used for microwave amplifiers and high-resolution electron-beam instruments. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2402222͔
Since the first three reports on the field emission from carbon nanotubes ͑CNTs͒, 1-3 many research groups have studied CNTs as field emission electron sources [4] [5] [6] [7] and have investigated the possibility to apply CNT field emitters to various devices such as field emission displays, lamps, x-ray sources, high-resolution electron-beam instruments, and microwave amplifier tubes. [8] [9] [10] [11] [12] [13] The CNTs due to high aspect ratio are considered as ideal candidate for the field emission electron sources. 14 Recently, planar field emission electron source is the key component for the successful realization of field emission display. However, some applications such as x-ray source and high-resolution electron-beam instruments require not a planar field emitter but a point emitter as an electron source. In fact, the point emitter is a better choice for these applications because the focusing of electron beam can be more easily achieved compared with the planar field emission electron sources. Moreover, the CNT point emitter can reduce the operating voltage in the high-resolution electron-beam instruments due to amplification of field enhancement. Generally, the overall field enhancement factor of the CNT point emitter is given by the product of the field enhancement factors of the CNT and the support. 15 Although there have been some reports on the CNT point emitter, more detail and systematic study is still necessary. [16] [17] [18] [19] [20] [21] In this letter, we report the field emission characteristics of a probe-typed CNT point emitter fabricated by attaching CNT bundles onto the tip of atomic force microscope ͑AFM͒ probe. In order to fabricate the probe-typed CNT point emitter, we used the assembly technique of CNTs by electric field. Detailed fabrication procedure has been reported elsewhere. 22, 23 Gold-coated AFM tip as a conductive substrate for CNT tip was fixed on a vertically movable optical stage, as shown in Fig. 1 .
As a counterelectrode, a flat gold electrode is located below the AFM tip. The gap between the AFM tip and the flat electrode can be adjusted by the Z-motion optical stage, and the gap was fixed to 5 m in this experiment. After ac electric field was induced between two electrodes by a conventional function generator, a few drops of the CNT solution were supplied into the gap by a micropipette. The CNT solution was dispersed using ultrasonication for a few minutes just before the experiment. After the evaporation of the CNT solution, the AFM tip was separated from the optical stage.
Both single-walled CNT ͑SWCNT͒ and double-walled CNT ͑DWCNT͒ were used to fabricate the probe-typed CNT point emitter. High-purity SWCNTs and DWCNTs were produced by a hydrogen arc discharge method in a stainless steel chamber. shows that the length of DWCNT bundle is shorter than that of SWCNT bundle and is about 2.8 m.
But the DWCNT bundle shows the sharp end, which is similar to the SWCNT bundle shown in Fig. 2͑d͒ .
Field emission current from the fabricated probe-typed CNT point emitter was measured in the point-to-plane diode configuration in the vacuum chamber at 2 ϫ 10 −7 Torr. The gap between the cantilever of AFM probe and the planar anode electrode was 400 m, and the height of AFM tip was 15 m. Therefore, the distances from the anode to the tip of SWCNT bundle and the DWCNT bundle 370 and 382.2 m, respectively. Figure 3 shows the measured field emission current of the probe-typed SWCNT and DWCNT point emitters.
As expected from the fact that the SWCNT bundle is longer than the DWCNT bundle, the SWCNT point emitter starts emitting at lower voltage than DWCNT point emitter and larger current is emitted from the SWCNT point emitter than DWCNT point emitter at the same voltage. The field emission current from the SWCNT point emitter was 4.9 A at 750 V, while that from the DWCNT point emitter was 1.7 A at 1050 V. Since the diameter of SWCNT point emitter shown in Fig. 2͑b͒ is 0.7 m, the emission current density is at least 1.2ϫ 10 3 A/cm 2 . This emission current density of the probe-typed CNT emitter is comparable to the results achieved from the previous works on the CNT point emitters [18] [19] [20] [21] and is much larger than that of the planar-typed CNT emitter. 24 In fact, this large current density is larger than the current density required for the microwave amplifier tubes. 24 Therefore, it can be considered that the probe-typed SWCNT point emitters can be used not only in the highresolution electron-beam instruments but also in the high current microwave amplifiers.
The Fowler-Nordheim ͑FN͒ plots for the probe-typed SWCNT and DWCNT point emitters are shown in Fig. 4 . It can be seen that the slope of FN plot of SWCNT point emitter in the high voltage region is almost equal to that of DWCNT point emitter. The solid and dashed lines in Fig. 4 have the same slope, and it can be seen that the solid and the dashed lines fit well the FN plots of SWCNT and DWCNT point emitters, respectively. Since the point-to-plane configuration was used in the measurement, the slope of FN plot shown in Fig. 4 is inversely proportional to the field conversion factor ␤ defined in Eq. ͑1͒, where E and V are the electric field at the tip and the applied voltage, respectively, 25 E = ␤V. ͑1͒
The field conversion factor is given by
where k is a constant that depends on the geometry and r is the radius of curvature at the tip. 26, 27 Therefore, it can be seen that the field conversion factor is nearly independent of the length of CNT bundle but is dependent on the radius of CNT bundle.
Although we used a bundle of SWCNT and DWCNT, it is considered that only preferable CNTs in the bundle can take part in the field emission. Therefore, the individual SWCNT or DWCNT practically determines the field emission characteristics of the bundle of SWCNT or DWCNT. This fact can explain why the slope of FN plot of the SWCNT point emitter is very close to that of the DWCNT point emitter. In this work, the diameters of SWCNTs and DWCNTs are about 2.0 and 2.7 nm, respectively. Therefore, it is considered that there is no difference between the field conversion factors of SWCNTs and DWCNTs given by Eq. ͑2͒ even though the diameter of SWCNTs is slightly larger than that of DWCNTs. As a result, the slopes of FN plots of the probe-typed SWCNT and DWCNT point emitters are also very close to each other, as shown in Fig. 4 .
The difference between the FN plots of SWCNT and DWCNT point emitters shown in Fig. 4 SWCNT and DWCNT point emitters, respectively. There are two possible reasons why the y intercept of FN plot of the SWCNT point emitter is larger than that of the DWCNT point emitter. First of all, in the case of same field conversion factor, the y-intercept value is corresponding to the density of emission sites of the CNT bundle. 25 Therefore, it is considered that the SWCNT bundle attached on the AFM tip has more emission sites than that of the DWCNT bundle. This is because there are more SWCNTs than DWCNTs in a bundle when the bundle has the same diameter and, as a result, more SWCNTs can participate in the field emission statistically. On the other hand, since one-third of SWCNTs is metallic and one-ninth of DWCNTs is metallic, there should be more metallic SWCNTs in a bundle. As the metallic CNTs are more preferable for field emission compared to semiconducting CNTs, there are more emitting sites in the bundle of SWCNTs than DWCNTs, which results in the larger y-intercept value of SWCNT point emitter. However, further study is still needed to clarify.
To understand exact field emission properties, quantitative evaluation for emission sites of a bundle of CNTs is necessary. However, in our experiments, we could not measure the exact numbers of SWCNT or DWCNT participating in the field emission. We consider that only the most preferable emission sites can contribute to the field emission regardless of the type of CNT.
In conclusion, probe-typed SWCNT and DWCNT point emitters are fabricated by attaching CNT bundles onto the AFM tip using dielectrophoresis method. The CNTs are synthesized by arc discharge method in hydrogen ambient. The SWCNT point emitter shows better field emission performance than the DWCNT point emitter. The high emission current density larger than 1.2ϫ 10 3 A/cm 2 of the SWCNT point emitter indicates that the probe-typed SWCNT point emitters can be used in the applications such as microwave amplifier tube which requires large emission current density. The FN plot shows that the better field emission performance of the SWCNT point emitter results from high density of emission sites at a SWCNT bundle compared with a DWCNT bundle. The FN plot also shows that the diameters of SWCNT and DWCNT bundles formed on the AFM tip by dielectrophoresis are very close to each other. 
